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At present, bone marrow analysis is performed microscopically, but
is time consuming and labour intensive. No automated methods
have been successfully applied to classi￿cation of bone marrows
cells because automated blood cell analysers have been incapable of
identifying erythroblasts. The present study was designed to
evaluate automated analysis of bone marrow aspirates with the
CELL-DYN 4000 ( CD4000) haematology analyser, which
enables automated determination of erythroblast counts in both
the normal mode ( haemolytic time; 11.5s) and the resistant RBC
mode ( 34.0s) . The percentages of subpopulations including
lymphocytes, neutrophils and erythroblasts were obtained with
the CD4000, and as a reference, diå erential counts by microscopic
observation of May–Gru ¨nwald–Giesa-stained ￿lms of bone mar-
row aspirates were performed ( n ˆ 98) . Signi￿cant correlations
( P < 0.01) between the results obtained with the two methods
were observed for total nucleated cell count and lymphocytes,
neutrophils, erythroblasts and myeloid/erythroid ( M/ E) ratio.
However, there were biases in the average percentages of erythro-
blasts, lymphocytes and M/E ratio obtained using the normal
mode with the CD4000 toward values lower than those obtained
with the microscopic method. Using the RBC resistant mode with
the CD4000, the average percentages of erythroblasts, lymphocytes
and M/E ratio approximated those obtained with the microscopic
method. In conclusion, the CD4000 in resistant RBC mode is more
useful for analysis of bone marrow aspirates than is the normal
mode, because the former better approximates the M/ E ratio than
the latter.
Introduction
Automated blood cell counters can now accurately per-
form di￿ erential counts of white blood cells in peripheral
blood due to technological advances in electronic meas-
urement. Although we have made previous attempts to
classify bone marrow cells using blood cell counters, until
now it has been impossible to obtain adequate correla-
tions with the results obtained with the microscopic
method [1, 2], because blood cell counters have been
incapable of identifying erythroblasts and therefore have
included them when counting the lymphocyte fraction.
The CELL-DYN4000 (CD4000, Abbott Diagnostics,
Santa Clara, CA, USA) haematology analyser enables
automated determination of erythroblast count [3, 4].
We tested the e￿ ciency of the CD4000 in performing
blood cell di￿ erentials of bone marrow aspirates.
Subjects and methods
Ninety-eight patients presenting at the Clinical Hematol-
ogy Department at Osaka City University Hospital
between April and December 1998 were enrolled as
subjects in this study. They were patients who had
required bone marrow aspiration, but whose samples
had revealed no signs of dysplasia in the erythroid or
myeloid lines, and who had clean bone marrows free of
abnormal cells.
Determination by CD4000
Bone marrow aspirate (0.5ml) was diluted twofold with
0.5ml of phosphate-bu￿ ered saline, and was then im-
mediately assayed with the CD4000. The CD4000 is a
¯ ow cytometer that detects the light scatter emitted by
cells when a laser beam is focused on the ¯ ow cell. It
detects various light scatter data which provide informa-
tion, e.g. cell size (08, scattered light), intracellular
structure (78, scattered light), degree of nuclear segmen-
tation (908 polarized light) and eosinophilic granules
(908 depolarized light). With the additional use of ¯ uor-
escent dyes, it is possible to quantitatively determine
DNA and RNA content. These two methods combined
enable the CD4000 to detect and count erythroblasts.
White blood cell diå erential
The major neutrophils which appear in peripheral blood
can be di￿ erentiated at 08 and 908 scattered light,
whereas eosinophils can be classi® ed by further exposure
to 908 depolarized light. Neutrophils were primarily
di￿ erentiated through the 78 scattered light which de-
tects the cytoplasmic/nuclear ratio, while lymphocytes
and monocytes were di￿ erentiated by 908 scattered
light which particularly re¯ ects the degree of nuclear
segmentation.
Erythroblast counts
The CD4000’s unique technology is used in the determi-
nation of erythroblast counts. In our study, we used two
modes for haemolysis with the CD4000, the normal and
resistant RBC modes. The time of haemolysis of the
resistant RBC mode (34.0s) is longer than that of the
normal mode (11.5s). During the lysing process non-
nucleated erythrocytes are completely destroyed, while
normally viable leukocytes are left intact. On the other
hand, the lysis process permeates the erythroblast’s
membrane, but leaves the nucleus intact. This controlled
membrane damage allows ¯ uorescent dye, propidium
iodide (PI), to bind with DNA in the exposed nuclei.
The erythroblasts bound to ¯ uorescent dye can be
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stained by PI, through the use of two assay systems (08
scattered light FL3; 908 red ¯ uorescence). The size and
scatter characteristics of erythroblasts are usually similar
to those of lymphocytes. It is therefore impossible to
accurately di￿ erentiate lymphocytes from nucleated ery-
throcytes based on cell size alone. However, by determin-
ing the degree of nuclear segmentation along the Y axis
(908 polarized light), separation of the nucleated ery-
throcytes with their simple nuclear composition from the
leukocyte line, which has a relatively complex nuclear
composition, becomes possible. The leukocytes with DNA
staining are assumed to have su￿ ered cell membrane
rupture and are therefore judged to be dead. At this
point, nucleated erythrocytes and dead cells are excluded
from the white cell di￿ erential, enabling determination of
the nucleated erythrocyte count.
Determination of nucleated cell counts in bone marrow aspirate
The CD4000 yields total white cell counts as well as
absolute counts of each type of di￿ erentiated leukocyte
per given unit of volume. The erythroblast count is
generally not expressed as the relative count per 100
leukocytes, which is usually employed clinically, and is
instead expressed as the absolute count of nucleated
erythrocytes per microlitre. For bone marrow samples,
it is imperative that the total nucleated cell count,
including erythroblasts, be determined. Therefore, in
the CD4000 system, the sum of the WBC and NRBC is
considered to be the total nucleated cell count. The
erythroblast percentage with the CD4000 was then
calculated by dividing the erythroblast count by the
sum of the white blood cell and erythroblast counts.
The CD4000 was calibrated before the present evalua-
tion, and daily quality control was performed throughout
the period of the study according to the manufacturer’s
manual.
Diå erentiation of cells in bone marrow aspirates by microscopy
Bone marrow aspirates were obtained from the posterior
iliac crest. The volume of each aspirate was 0.5± 1.0ml.
For counting, a 1:50 dilution of the marrow with Tu È rk’s
diluting ¯ uid was performed in a Melangeur blood-
diluting pipette for white blood cells. Nucleated cells of
these diluted samples were manually determined using a
Bu È ker Tu È rk haemocytometer. Smears were prepared on
glass slides, and after May± Gru È nwald± Giemsa staining
were observed under a microscope (500 count).
Comparisons were made for the cell counts which could
be classi® ed by the CD4000. These included total neu-
trophils (promyeloblasts, metamyelocytes, myelocytes,
band and segmented neutrophils determined by micro-
scopic observation), lymphocytes and erythroblasts. The
myeloid/erythroid ratio (M/E ratio) was also calculated.
Statistical analysis
Numerical data are expressed as mean§ SD. Bearmann’s
test was performed for statistical analysis of data. Di￿ er-
ences at risk factors of 0.01 or less were considered
signi® cant.
Results
For both the normal mode and resistant mode, signi® cant
correlations (P < 0:0001) between the automated meas-
urements and microscopic ones were obtained for total
nucleated cell count and percentages of lymphocytes,
immature neutrophils, mature neutrophils, total neutro-
phils, erythroblasts, and the M/E ratio (table 1, ® gures 1-
5). For the average percentage of the erythroid series, the
automated measurements in the normal mode tended to
be lower than the microscopic ones. On the other hand,
for the average percentage of lymphocytes, the auto-
mated measurements in the normal mode tended to be
higher than the microscopic ones. For the average
percentage of total neutrophils, there were no di￿ erences
between the automated measurements and the micro-
scopic ones. However, in the resistant mode, for the
average percentage of erythroid series and lymphocytes,
the automated measurements tended to approximate the
microscopic ones, and for the average percentage of total
neutrophils, there were no di￿ erences between the auto-
mated measurements and the microscopic ones. As a
result, for the M/E ratio, the automated measurements
tended to approximate the microscopic ones in the resist-
ant RBC mode (table 1).
Discussion
Observation by microscopy is the method traditionally
used to classify those blood cells which are found in the
bone marrow aspirate. However, blood cell analysers can
now perform cell di￿ erentials of peripheral blood faster
and more accurately than before. These blood cell
analysers have been used for the automated analysis of
bone marrow cell di￿ erentials in addition to the calcula-
tion of nucleated cell counts. Although the earlier blood
cell analysers were capable of a three-part di￿ erential
which enabled them to di￿ erentiate between lympho-
cytes, middle-sized cells and neutrophils, the diversity of
bone marrow cells made it almost impossible to classify
Table 1. Comparison of subpopulation percentages obtained with
the normal mode and the resistant RBC mode with the CD4000
and microscopic observation ( mean§ SD) .
CD4000 Manual Correlation
TNC (£10
9/l)
Resistant 103.9§ 8.9 114.9§ 99.9 0.93
Normal 9.2§ 7.6 0.90
Erythroblasts (%)
Resistant 24.3§ 8.3 29.6§ 13.4 0.68
Normal 16.1§ 7.7 0.67
Total neutrophils (%)
Resistant 61.2§ 13.8 50.0§ 14.8 0.66
Normal 58.4§ 15.3 0.63
Lymphocytes (%)
Resistant 15.2§ 7.4 12.3§ 7.1 0.82
Normal 20.9§ 9.2 0.79
M/E ratio
Resistant 3.3§ 2.7 2.5§ 2.3 0.77
Normal 5.3§ 4.0 0.77
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90Figure 1. Correlations for total nucleated cell counts between the
CELL-DYN 4000 and the microscopic method ( A, resistant RBC
mode; B, normal mode) .
Figure 2. Correlations for erythroblast percentages between the
CELL-DYN 4000 and the microscopic method ( A, resistant RBC
mode; B, normal mode) .
Figure 3. Correlations for total neutrophil percentages between the
CELL-DYN 4000 and the microscopic method ( A, resistant RBC
mode; B, normal mode) .
Figure 4. Correlations for lymphocyte percentages between the
CELL-DYN 4000 and the microscopic method ( A, resistant
RBC mode; B, normal mode).
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to distinguish from lymphocytes. A ® ve-part di￿ erential
method was subsequently developed. This method was
based upon the fact that lymphocytes and erythroblasts
form separate clusters. However, because there was still
overlapping between the clusters, it was di￿ cult to
clearly separate these two cell groups [5].
The CD4000, which was developed at Abbott Diagnos-
tics, is an automated blood cell analyser which can not
only perform automatic ® ve-part peripheral white cell
di￿ erential counts, it can also detect and count erythro-
blasts as a separate component [3, 4, 6]. The present
study was therefore conducted to compare the conven-
tional microscopic method and CD4000 in di￿ erentiation
of cells in bone marrow aspirates, in order to determine
whether the CD4000 can potentially enable easy, rapid
and accurate screening of samples. Previous evaluation of
bone marrow aspirates was performed using the resistant
RBC mode [7, 8] or the normal mode [9]. In this study,
we used both modes simultaneously to estimate total
nucleated cell counts and cell di￿ erentiations. In this
study, signi® cant correlations (P < 0:0001) between
CD4000 (the normal mode and the resistant RBC
mode) and microscopic methods were obtained for total
nucleated cell counts, neutrophils, erythroblasts and M/E
ratio. However, there were signi® cant di￿ erences be-
tween the average percentages of erythroblasts, lympho-
cytes and M/E ratio in the normal mode and those in the
resistant RBC mode. Bone marrow aspirates contain a
high percentage of erythroblasts compared to peripheral
white blood cell components. In the erythroid line, the
characteristics of cell membranes di￿ er depending on the
stage of cell di￿ erentiation, and it is believed that there
are some cells which remain resistant to haemolytic
agents in the normal mode. Therefore, although the
ability of the normal mode with the CD4000 to count
erythroblasts is clearly superior to that of other auto-
mated blood analysers, the possibility remains that a
portion of the erythroblasts remain uncounted with this
method and are classi® ed as lymphocytes. We assume
that some erythroblasts which were not haemolysed and
classi® ed as lymphocytes in the normal mode were com-
pletely haemolysed and classi® ed as erythroblasts in the
resistant RBC mode. Therefore, the average percentage
of the erythroblasts increased and that of the lymphocytes
decreased in the resistant RBC mode ascompared with in
the normal mode. As a result, the average percentages of
erythroblasts, lymphocytes and M/E ratio with the auto-
mated method approximated those obtained by the
microscopic method. The reagents used for the present
CD4000 study and the algorithm for di￿ erential counts
are designed for the analysis of peripheral blood, and
there is room for improvement of bone marrow analysis.
However, our results have shown the CD4000 to be
capable of providing objective ® ndings for percentages
of major cell populations, with analysis of at most 10000
cells in 30± 80s, and that the resistant RBC mode is
clinically more useful for analysis of bone marrow aspi-
rates than the normal mode.
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Figure 5. Correlations for M/E ratio between the CELL-DYN
4000 and the microscopic method ( A, resistant RBC mode; B,
normal mode) .
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